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A newmethod for producing uniformly sized metal droplets is proposed. In this method, an
intermittent electromagnetic pinch force is applied to a capillary jet of liquid metal to gen-
erate ﬂuctuations of equal interval on the surface of the jet. As the ﬂuctuations grow, the
liquid metal jet breaks into small droplets whose size depends on the frequency of the
intermittent electromagnetic pinch force. The breakup of the capillary jet is numerically
simulated by performing multiphase ﬂuid ﬂow analysis with surface tracking (volume of
ﬂuid method) and electromagnetic force analysis. The simulation results agree well with
the results of model experiments. The jet breaks up into uniformly sized droplets when
the frequency of the intermittent force equals the frequency that corresponds to the natu-
ral disturbance wavelength of the capillary jet.
 2010 Elsevier Inc. All rights reserved.1. Introduction
Capillary jet breakup and droplet formation are fundamental topics in ﬂuid dynamics. For over a century, a great number
of studies have investigated the mechanisms of these processes [1]. According to linear instability theory [2,3], capillary jet
breakup is mainly governed by surface tension. Small perturbations of the optimal wavelength grow fastest and the droplet
size is determined by the wavelength. Recently, many numerical simulations of capillary jet breakup have been performed
that take advantage of the dramatic improvements in computational power and numerical techniques [4,5].
Droplet formation from a capillary jet is used in a broad range of industrial applications including ink jet printers, solder
spheres, and fuel injection. Many techniques have been developed for metals to produce uniformly sized particles and small
spheres [6–8]. Minemoto et al. proposed the jet-splitting method for fabricating uniformly sized spherical silicon particles
with a diameter of 1 mm for spherical silicon solar cells [7]. This method employs a dropping furnace and a free-fall tower.
In the dropping furnace, molten silicon is emitted from an oriﬁce at the bottom of a crucible and forms a jet. This jet breaks
up into droplets due to natural disturbance of the jet surface. The silicon droplets solidify in the free-fall tower and solid
silicon particles collect at the bottom of the tower. However, it is difﬁcult to fabricate uniformly sized silicon particles con-
sistently by this method.
Our group has proposed a newmethod that increases the production rate and yield of silicon particles for spherical silicon
solar cells [9,10]. In this method, an intermittent electromagnetic pinch force is applied to a molten metal jet. The electro-
magnetic force can be applied precisely to the jet and does not involve direct contact.
In the present study, model experiments are performed on capillary jet breakup and droplet formation by applying an
electromagnetic force to a jet. Gallium is used as the liquid metal because it is very easy to handle due to its low melting. All rights reserved.
c.jp (S. Shimasaki).
Nomenclature
A0 initial perturbation amplitude
B magnetic ﬂux density
d0 nozzle diameter
f frequency
F Lorentz force
J current density
k turbulent energy
Oh Ohnesorge number
p pressure
r radius
Re Reynolds number
t time
v velocity
v0 mean axial velocity at nozzle exit
We Weber number
z distance from nozzle exit
Greek letter
a volume fraction of ﬂuid
c surface tension
 turbulent dissipation rate
j mean surface curvature
k wavelength
l viscosity
q density
r electrical conductivity
Subscript
m mixture
1 gas
2 liquid
1572 S. Shimasaki, S. Taniguchi / Applied Mathematical Modelling 35 (2011) 1571–1580point. The capillary jet breakup is numerically simulated; the simulation involves electromagnetic force analysis and
multiphase ﬂow analysis with surface tracking.2. Experiments
Two experiments were performed: a single-pulse electromagnetic force experiment to conﬁrm that a liquid metal jet can
be broken up by applying an electromagnetic force and an intermittent electromagnetic force experiment to fabricate uni-
formly sized droplets from a capillary jet.2.1. Single-pulse electromagnetic force
2.1.1. Experimental setup
Fig. 1 shows a schematic of the experimental setup. Molten gallium was heated and emitted from the nozzle with a mean
axial jet velocity of 1.4 m/s. The circuit, which contains a fully charged capacitor, was shorted to apply a high instantaneous
current to a single-turn coil through which the jet passes. The circuit capacitance could be set to 4.7, 10.0, or 14.7 mF; chang-
ing the capacitance altered the coil current. The experiment was performed in an argon atmosphere to prevent oxidation of
the metal surface. Artem’ev and Kochetov [11] found that the breakup of a gallium jet was not affected by the surrounding
gas when it had an oxygen concentration of less than 0.2–0.3%. Images of the jet surface were captured by a high-speed cam-
era and the coil current was measured by a current probe. Fig. 2 shows the variation in the coil current with time. For a
capacitance of 14.7 mF, a peak current of more than 7 kA was applied to the coil.
The mechanism for jet breakup induced by applying an electromagnetic force is as follows. The coil current induces a
magnetic ﬁeld around the coil and an eddy current in the liquid metal jet. The interaction between the magnetic ﬁeld
and the eddy current (F = J  B), generates a Lorentz force in the liquid metal. This force disturbs the ﬂuid ﬂow in the jet
causing it to ﬂuctuate; the liquid jet starts to breakup as the ﬂuctuations grow in intensity.
Fig. 1. Experimental setup for single-pulse experiment.
Fig. 2. Variation in the observed coil current with time.
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Fig. 3 shows a series of images of the gallium jet. A single pulse of electromagnetic force was applied at 0 ms. Surface ﬂuc-
tuations generated by the force were initially very small. After 10 ms or more, small deformation of the surface can be ob-
served in the images. As the ﬂuctuations grew, the jet started to breakup downstream from the point at which theFig. 3. Series of images of the breakup of a gallium jet (left: 4.7 mF, center: 10.0 mF, right: 14.7 mF).
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required for the capillary jet to breakup both decreased with increasing capacitance. This experiment conﬁrmed that a single
pulse of electromagnetic force could effectively disturb and breakup a molten metal jet.2.2. Intermittent electromagnetic force experiment
2.2.1. Experimental setup
An intermittent electromagnetic force was applied to a molten metal jet to produce uniformly sized droplets. Fig. 4 shows
schematic diagrams of the experimental setup. As in the single-pulse experiment, molten gallium was used as the liquid
metal and images of the jet were obtained using a high-speed camera. The droplet generator consisted of an induction coil
and a concentrator, which was made of copper and had a tubular structure with an inward projection on the inner surface. In
addition, the concentrator was split longitudinally into two halves, which were insulated from each other. The concentrator
was used to concentrate the electromagnetic force onto a small region of the jet, which was adjacent to the projection. An AC
current with an rms amplitude of 51.3 A and a base frequency fbase of 3.06 MHz was applied to the coil. The current was mod-
ulated to generate square pulses. The modulation frequency fmod could be varied between 200 and 1000 Hz (see Fig. 5).2.2.2. Experimental results
Fig. 6 shows images of the experimental results. When no electromagnetic force was applied, the jet did not breakup at
equal intervals. When the modulation frequency was 200 Hz, the jet broke up into droplets at equal intervals; however, there
were some small satellite droplets between the main droplets. The satellite droplets were formed in the neck of the jet
between the main droplets. Satellite droplets are a problem because they reduce the production yield of uniformly sized
particles. When the modulation frequency was 320 Hz, the jet broke up into uniformly sized droplets at equal intervals,Fig. 4. Schematic diagrams of the droplet generator.
Fig. 5. Schematic diagram of modulated current.
Fig. 6. Photographs of gallium droplet formation by applying an intermittent electromagnetic force.
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expressed as:k ¼
ﬃﬃﬃ
2
p
pd0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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s
: ð1ÞIn this experiment, the optimal wavelength was 4.45 mm, which corresponds to a modulation frequency of 309 Hz. Thus,
the jet could be effectively broken up into uniformly sized droplets by adjusting the intermittent electromagnetic force inter-
val to be close to the optimal wavelength. For a modulation frequency of 500 Hz, the jet did not appear to breakup at equal
intervals because the droplet formation frequency was too high; instead coalescence occurred.3. Numerical simulation
3.1. Electromagnetic force analysis
To estimate the electromagnetic force generated in the single-pulse experiment, electromagnetic ﬁeld analysis was con-
ducted using the commercial code, JMAG (JSOL Corp.). Fig. 7 depicts the calculation domain. The following assumptions were
made in the calculation:
1. The system is axisymmetric.
2. The liquid metal ﬂow does not affect the magnetic ﬁeld.
3. The surface of the gallium jet near the coil does not change; speciﬁcally, the jet diameter remains constant and is equal to
the nozzle diameter.
These assumptions simplify the coupled problem involving an electromagnetic ﬁeld and ﬂuid ﬂow into a one-way prob-
lem, which signiﬁcantly reduces the computational cost. The second assumption is reasonable because the magnetic Rey-
nolds number, Rem, of the system is less than 102. The ﬁrst and third assumptions are not trivial and so are discussed below.Fig. 7. Schematic diagram of the calculation domain.
Table 1
Material properties.
Phase Density, q/kg m3 Viscosity, l/Pa  s Surface tension, c/N m1 Electrical conductivity, r/S m1
Gallium (liquid) 6.09  103 2.04  103 0.718 3.85  106
Argon (gas) 1.62 2.13  105  
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rents in the calculation.
3.2. Fluid ﬂow analysis
Numerical simulations of capillary jet breakup were performed using the commercial CFD code, Fluent (ANSYS, Inc.). In
these calculations, the volume of ﬂuid (VOF) method proposed by Hirt and Nichols [12] was used to track the free surface of
the jet. The VOF is designed for two (or more) immiscible ﬂuids where the position of the interface between the ﬂuids is of
interest. In this model, a single set of momentum equation is shared by the ﬂuids. The mixed ﬂuid properties are determined
by the ratio of the component phases present in each control volume.
The scalar parameter a2 is deﬁned as the ratio of the liquid volume to the total ﬂuid volume. The transport equation for
the volume fraction a2 is given as:@a2
@t
þ v  ra2 ¼ 0; ð2Þwhere a2 equals 1 for the liquid phase and 0 for the gas phase. The scalar parameter a2 is used to determine the mixed ﬂuid
properties in the following manner:qm ¼ q1ð1 a2Þ þ q2a2;
lm ¼ l1ð1 a2Þ þ l2a2:
ð3ÞA single momentum equation, which depends on the mixed ﬂuid properties, is solved throughout the domain.
The surface tension model implemented in Fluent is the continuum surface force (CSF) model proposed by Brackbill et al.
[13]. In this model, an additional force due to surface tension appears as a source term in the momentum equation. The pres-
sure drop across the interface between the two ﬂuids isDp ¼ cj: ð4Þ
The curvature j is deﬁned in terms of the gradient of the volume fraction a2 as:j ¼ r  ra2jra2j
 
: ð5ÞThe Reynolds number of the jet wasRe ¼ q2d0v0
l2
¼ 4:18 103: ð6ÞTherefore, the ﬂow was turbulent and a realizable k– model was used in the simulation. The time derivatives were discret-
ized by an Euler implicit scheme and the convection terms are discretized by the quadratic upwind interpolation (QUICK)
scheme. An Euler explicit scheme with the geometric reconstruction scheme was used for the VOF calculation [14]. The PISO
algorithm was adopted for pressure–velocity coupling. The electromagnetic force was obtained by electromagnetic ﬁeld
analysis and it was assigned as a source term in the Navier–Stokes equation, which was used to calculate the ﬂuid ﬂow.
The smallest calculation mesh used in this study was about 30 lm. Mesh dependency tests were performed with different
mesh resolutions, which conﬁrmed that the calculation results do not change greatly by employing a ﬁner mesh.4. Results and discussion
4.1. Capillary jet breakup by natural disturbance
Initially, a numerical simulation of capillary jet breakup without the electromagnetic force was performed to estimate the
accuracy of the ﬂuid ﬂow analysis. Fig. 8 compares the experimental results with the calculation results. The jet breakup
length obtained by simulation was shorter than that obtained by experiment (see Table 2), but the breakup behavior was
quite similar. As mentioned above, the optimal perturbation wavelength for the capillary jet (i.e., the wavelength that gives
the highest growth rate) is 4.45 mm under the present conditions. Fig. 8 indicates the scale of the optimal wavelength. The
ﬁgure reveals that the capillary jet wavelength obtained by the numerical simulation is similar to the theoretically deter-
Fig. 8. Capillary jet breakup caused by growth of natural disturbance (when no electromagnetic force was applied).
Table 2
Breakup length of the jet.
0 mF (w/o EM force) 4.7 mF 10.0 mF 14.7 mF
Exp. (mm) 55–70 48.7 40.3 37.3
Calc. (mm) 50–60 38.5 32.2 28.6
S. Shimasaki, S. Taniguchi / Applied Mathematical Modelling 35 (2011) 1571–1580 1577mined wavelength. The pressure in the thinner section of the jet (‘neck’) was higher than that in other regions due to the
Laplace equation (Eq. (4)).
Ohnesorge ﬁrst observed that breakup could be classiﬁed into several different regions based on a plot of the Ohnesorge
number against the Reynolds number [15]. The Ohnesorge number of the gallium jet was estimated usingOh ¼ l2ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
q2cd0
p ¼ 9:76 104: ð7Þ
According to the Ohnesorge chart shown in Fig. 9 [16], the conditions of the present study lie in the sinuous wave region.
However, the free surface proﬁle seems to be axisymmetric in the series of photographs taken by the high-speed camera
(Fig. 3). Pan and Suga indicated that the dilational waves were very dominant in the ﬁrst wind-induced region although
small sinuous waves still existed [4]. This means that the jet was not perfectly axisymmetric. The discrepancy between
the breakup lengths obtained by experiment and by the simulation may be due to assuming that the jet is axisymmetric
in the simulation.
4.2. Electromagnetic force
Fig. 10 shows the calculation results for the electromagnetic force ﬁeld for the single-pulse electromagnetic force exper-
iment with a capacitance of 14.7 mF. At 27.5 ls, the electromagnetic force is directed radially inwards, whereas it was in the
opposite direction at 290 ls.Fig. 9. Ohnesorge chart.
Fig. 10. Electromagnetic force ﬁeld (14.7 mF).
1578 S. Shimasaki, S. Taniguchi / Applied Mathematical Modelling 35 (2011) 1571–1580Fig. 11 shows the temporal change in the radial component of the electromagnetic force on the free surface at the same z
position of the coil. The maximum force exceeded 40 MN/m3 when the capacitance was 14.7 mF, which is much higher than
the gravitational force, 60 kN/m3.
4.3. Capillary jet breakup by electromagnetic force
Fig. 12 shows the calculation results for capillary jet breakup by a single pulse of electromagnetic force. They agree well
with the experimental results (Fig. 3). Table 2 summarizes the jet breakup lengths. The simulations give a shorter breakup
length than the experiments, although the breakup lengths exhibit similar dependencies on the electromagnetic force.
Fig. 13 shows the passive scalar distribution, which indicates the region affected by the electromagnetic force. The jet
broke up only in this region. This indicates that the surface ﬂuctuations were ﬁxed on the surface and were transferred
by the ﬂow. Arai and Amagai also observed the same results for a ﬁxed wave on a jet surface in their experiment [17].Fig. 11. Change in the electromagnetic force with time.
Fig. 12. Numerical simulation of gallium jet breakup (left: 4.7 mF, center: 10.0 mF, right: 14.7 mF).
Fig. 13. Region affected by the electromagnetic force (14.7 mF).
S. Shimasaki, S. Taniguchi / Applied Mathematical Modelling 35 (2011) 1571–1580 1579Fig. 14 shows the pressure distribution and the free surface of the jet near the coil. The pressure in the jet increased with
increasing electromagnetic pinch force. The pressure became negative when the direction of the electromagnetic force was
reversed. In spite of the drastic change in the pressure, the free surface proﬁle varied little. The initial perturbation amplitude
can be estimated using [3]:z ¼ d0 ln rA0
ﬃﬃﬃﬃﬃﬃﬃﬃ
We
p
þ 3We
Re
 
; ð8Þwhere z is the breakup position. By substituting values for the parameters into Eq. (8), the initial amplitude was estimated to
be A0 = 0.8 lm, which is much smaller than the jet diameter. So, the jet can be considered to be a thin solid column with a
ﬁxed surface in the electromagnetic analysis.
Fig. 15 shows the axial velocity deviation from the initial velocity along the center axis before applying the electromag-
netic force. A negative value indicates that the axial velocity is slower than the velocity when the electromagnetic force is not
applied. At 30 ls, the axial velocity in the upstream region above the coil (z < 3 mm) decreased, whereas it increased in the
downstream region (z > 3 mm). The velocity deviation did not disappear when the electromagnetic force was applied at
550 ls and it was transferred with the ﬂow downstream. This velocity deviation up and downstream results in ﬂuid beingFig. 14. Pressure distribution (left) and the free surface of the jet (right) near the coil (14.7 mF).
Fig. 15. Axial velocity deviation from the initial velocity along the center axis.
1580 S. Shimasaki, S. Taniguchi / Applied Mathematical Modelling 35 (2011) 1571–1580drained from the center position and the diameter of the jet at that position becomes slightly thinner. The jet pressure at the
position increases with decreasing diameter because of the Laplace pressure (Eq. (4)); this promotes ﬂuid drainage. This is
the jet breakup process for a single pulse of electromagnetic force.
5. Conclusion
The single-pulse electromagnetic force experiment revealed that a single pulse of electromagnetic force could cause the
free surface of the jet to ﬂuctuate and cause the jet to breakup. The intermittent electromagnetic force experiment showed
that the jet broke up into monosized droplets when the modulation frequency of the intermittent electromagnetic force was
adjusted to the optimal wavelength. A numerical simulation was performed to simulate jet breakup by applying a single
pulse of electromagnetic force. The simulation results agreed well with the experimental results.
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